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Introduction
Hydrological models are mathematical representations of
the processes involved in the transformation of climate inputs
such as precipitation, solar radiation and wind, through sur-
face and subsurface transfers of water and energy into hydrolog-
ical outputs (typically, flow in rivers, soil moisture content or
water levels in ground-water aquifers). They are required partly
because it is impractical to measure streamflow or ground water
at a sufficiently representative number of points to provide
water resource management authorities with the information
needed to quantify the availability of natural resources. They are
also required because human activities constantly modify the
natural environment and it is essential to be able to obtain
estimates of the impacts these modifications may have on the
availability of water resources. In a region such as southern
Africa, where the natural availability of water is highly variable
in both time and space and where the financial and human
resources available to sustain long-term monitoring programmes
are limited, practical hydrological estimation tools assume great
importance. Models have therefore a great deal more to offer
society than simply interesting scientific exercises and have
the potential (often realized) to contribute to the social and
economic development of a country.
Even a relatively brief review of the hydrological literature
from the 1970s to the present day reveals that a large number of
hydrological models have been proposed and an equally large
number of methods for applying them. Hydrology students of
the 1980s, who were charged with understanding the develop-
ment of hydrological models, frequently became perplexed by
the many different classification schemes of models, all of
which had a different focus. While some of the issues may be a
little clearer now, there are still many aspects of hydrological
modelling that are confusing even to those scientists who have
been involved in the developments over the years. Part of the
confusion lies in the fact that while the frequently stated purpose
of developing models is to solve practical water resource
problems, many of the contributions to the literature have not
satisfactorily addressed this issue and remain focused on the
more academic and scientific aspects of model development. A
further issue is that the international literature contains contri-
butions from a range of primary disciplines, and hence a spread
of focus areas. Many earth scientists have concentrated on the
conceptual content of a particular model, attempting to justify
the model in terms of its relationship to our understanding of
real hydrological processes. Mathematically biased hydrologists,
on the other hand, have focused on (for example) methods of
efficiently solving internal model algorithms, procedures for
parameter estimation or the mathematical interaction between
model parameters. The proportion of contributions that have
focused on the practical application of models for the solution of
real-world problems is surprisingly low.
In this article I review the development and application of
deterministic (that is, not statistical or stochastic), rainfall-runoff
modelling research in South Africa. It appears that the limited
research resources available have resulted in a relatively focused
and practically orientated approach.
Types of hydrological models
I am reluctant to add yet another classification of hydrological
models to the already long list, but it is important to recognize
that there are different types of models and that the eventual
purpose of applying one, as well as the type of information that
is available, should dictate the type of model that is the best to
use.
Model complexity. Many previous model classifications were
based on model complexity, but these became confused as they
mixed conceptual complexity with mathematical complexity. In
the context of this paper, complexity is considered to mean the
extent to which the model attempts to represent the many and
diverse processes that affect the response of runoff to rainfall.
Simple models do not attempt to do this and are effectively
mathematical transfer functions with a small number of parame-
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This paper presents a review of the research undertaken in the field
of hydrological modelling over roughly the last three decades,
concentrating primarily on South African work in an international
context. The focus is on deterministic, rainfall-runoff models
and addresses issues related to model design as well as to the
application of models in practice. I provide a brief description of
what hydrological models are and what they are used for and
discuss also the following issues:
• Developments in understanding hydrological process and the
extent to which these have filtered down into models.
• Model calibration and parameter estimation.
• Trends in data availability and how these have affected model
development.
• Trends in computer technology and their impacts on model
development.
I suggest that there have been substantial developments in the
science and practice of hydrological modelling, but that there
remain many problems that need to be addressed to improve the
ability of models to contribute to the solution of problems of water
resource management. Southern African scientists have contrib-
uted to the body of knowledge on hydrological modelling, despite
the limited resources available compared to resources elsewhere.
Internationally, the focus has not always been on the practical
issues of model application and has commonly tended towards the
more theoretical and mathematical issues of model calibration.
This is not a trend that has found much favour in southern Africa
(particularly amongst research funding agencies), where there
are many problems of water resource management that have
the potential to be resolved with existing models, applied in an
appropriate way. The paper concludes by suggesting that further
research needs to focus on the integration of the best in interna-
tional developments with the tried and tested models that have
been developed locally. The context of this research should be the
search for more reliable estimations of water resource availability.
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ters. More complex models attempt to represent the individual
processes (of interception, infiltration, soil water drainage,
evapotranspiration, ground-water movement, and so on) explic-
itly and consequently involve a large parameter space. As all
model parameters have to be quantified (by whatever method)
to achieve a solution, the implication is that complex models
require greater resources of time, effort and information to be
applied successfully. The other implication is that if those
resources are available and used effectively, the model results
should be better. The latter is contingent upon an adequate
understanding (by the model developer) of the way in which
hydrological processes interact, as well as a satisfactory transla-
tion of those interactions into a set of mathematical equations
(the model algorithms). This point was well discussed by Beven1
and will be revisited later in the paper.
Spatial complexity. One way of making an initially simple model
more complex is to disaggregate the total area to be modelled
into a number of sub-areas based on natural drainage units (such
as slopes, channels, catchments), or on geometric shapes (square
grids, polygons, etc.). The perceived advantages are that both
model parameters and input climate variables can be repre-
sented in a more realistic, spatially distributed manner. The
success of adding spatial complexity is largely dependent upon
the availability of reliable and appropriate spatially distributed
information.
Temporal complexity. Models can be further grouped on the
basis of the time-steps used. This can vary from coarse intervals
(monthly) through to very fine intervals of five minutes or less.
Some models also make use of variable time intervals,2 to mini-
mize model run time, yet simulate process activity in detail
during rapidly changing hydrological conditions (such as
during and after periods of high rainfall).
Modelling purpose. As models are supposed to be practical tools,
it is useful to group them according to their purpose, or more
specifically, according to the type of information that they are
intended to generate. Single event models, for example, are
designed to generate flood events and are normally intended for
use in engineering design or flood management.3–5 Continuous
models are devised to simulate long sequences of output
variables. Many continuous models focus only on simulating
streamflow, while others have been designed to be more
multi-purpose and provide additional outputs of soil moisture
status, ground-water levels, and so on. While the reason for
doing this in some models may be related to model performance
assessment, in others these outputs are used in parallel sub-
models that are contrived to generate additional information
such as crop yields,6 or to interface with water quality simulation
modules,7 or models associated with environmental planning.8
Solutions to many water resource problems involve the combined
simulation of natural hydrology and development impacts such
as reservoirs, abstractions and return flows. Water resource
systems models9 have been developed to fulfil such a need and
commonly involve embedding rainfall-runoff simulations into
a scheme that simulates complex managed water storages,
transfers and abstractions.
Inevitably, there can be some clear associations between the
different criteria for describing models and some examples are
provided below:
• Monthly time-step and spatially lumped models are usually
relatively simple.
• Conceptually complex models are usually associated with
short time-steps (daily or less) and are spatially distributed.
• Models designed to simulate other hydrological state condi-
tions than just streamflow necessarily tend to be more
complex.
In the early years of model development many of the constraints
on model development were related to the computing power
that was available. There was therefore a definite ceiling to the
level of complexity (conceptual, spatial or temporal) that could
be practically incorporated into a model. Such restrictions no
longer apply to anything like the same extent and information
availability has become the principal constraint to model appli-
cation.
Types of research contributions
The international literature on modelling research is vast and it
would be difficult to represent even a small fraction of it in a brief
review. The references provided are therefore simply examples
of the generic types. Further detail is provided within the
reviews of South African contributions.
Development of conceptual understanding
This type of research has focused on integrating the under-
standing of process hydrology into hydrological models
through the development of mathematical algorithms that can
be best used to represent those processes. One such focus has
been on the processes of runoff generation and the concepts of
variable source areas,10 which have been incorporated into a
range of different models.5,11,12 A great deal of the work on
process hydrology that was undertaken during the 1960s
and 1970s contributed to this research, but the issue of scale
differences between detailed field-based process studies and
typically sized modelling units raised by Beven1 has yet to be
properly resolved. An abiding question is whether algorithms
developed from small-scale field or laboratory studies that are
designed to represent the physical laws of mass, momentum
and energy conservation can still be used in models that are
applied at much larger spatial scales. This has been one of the
central issues associated with the development of conceptually
complex, or so-called physics-based models.13
There are several rainfall-runoff processes that are still not
well understood and therefore are difficult to incorporate into
modelling schemes. One example is channel transmission
losses, a critical runoff component in semi-arid flow regimes.14–16
Another, in the context of southern Africa, which is dominated
by fractured-rock aquifers, is the nature of surface–ground-
water interactions.17
The late 1970s saw the start of a programme of process studies
within small experimental catchments in South Africa, largely
funded by the Water Research Commission.18 Prior to that, most
hydrological process studies in this country had focused on
afforestation effects.19 Many of these investigations provided
much-needed data that could be used to develop and test a
range of hydrological models5,6,14,20–23 and provided the impetus
for a large proportion of the South African research into the
application of hydrological models. While many of these catch-
ment experiments have subsequently been closed down, later
studies have contributed further understanding of specific
processes.24–26
Most of the models developed in South Africa have tended to
be of the more complex type, with a relatively large number of
parameters, even for monthly time-step models.27 This stems
from a tradition of attempting to represent the processes of
runoff generation within models (the conceptual approach)
rather than opting for simpler transformation functions (the
mathematical approach) with fewer parameters (e.g. ref. 28).
One of the motivations for such an approach is that model
parameters should be easier to evaluate for ungauged situations
because they are more meaningful in terms of real hydrological
processes and can be related to measurable catchment character-
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istics. However, it is still not entirely clear whether this approach
is justified in practice.
Model calibration and parameter identification problems
The international literature is full of contributions on the
subject of automated calibration, parameter interactions, the
problems of parameter identifiability29 and uncertainty analy-
sis.30 The indications are that this subject is far from resolved.31
This is an area where there have been relatively few contribu-
tions from South Africa, and almost none in recent years.
Automatic calibration procedures for optimizing model
parameter values have not been used extensively within South
African research. Görgens32 applied the Rosenbrock33 procedure
to a range of continuous hourly, daily and monthly models.
More recently, Ndiritu and Daniell34,35 developed improved
approaches to function optimization and Ndiritu is further
engaged in the application of these techniques to the widely
used Pitman model. While other individuals and groups in the
country have used automatic calibration, it has been found to be
inconsistent with the objectives of achieving consistency in
parameter values across a range of catchments within a region
where the accuracy and reliability of the input data are often in
doubt. This means that the optimization process attempts to
generate parameter values that account for the noise or errors in
the data, rather than the real signal. Similarly, most of the models
used within South Africa have relatively complex structures,
with a great deal of parameter interaction. The implication is that
it is not straightforward to obtain unique optimum solutions and
several combinations of parameter values can generate similar
results. While models of this type have been criticized for their
lack of parameter identifiability, it is important to recognize that
this model characteristic reflects reality in that several different
combinations of meteorological inputs and catchment structure
(geology, soils, vegetation, etc.) can lead to similar patterns of
streamflow response. This author considers that automatic
calibration procedures have a role to play in the calibration of
regional models. However, a priori establishment of optimization
constraints and manual intervention in the calibration exercise
based on a knowledge of the model and a conceptual under-
standing of the catchments hydrology will always be of equal or
greater importance.
Görgens32 identified a very important issue related to the
calibration of models in semi-arid climates that is applicable to
both manual and automatic calibration. The variability of
semi-arid flow regimes suggests that quite long records (>15
years) may be required before the observed flow data contain
enough signals of a catchment’s response to rainfall to be able to
identify representative parameter values.
Schulze36 has argued that the effective application of models in
ungauged situations (that is, catchments without observed
streamflow or where future, unmeasured scenarios are required)
precludes the possibility of calibration. Models are therefore
required that do not need to be calibrated, but where the param-
eter values can be quantified from measurable catchment
characteristics. While this is clearly a desirable objective, there
are several constraints that limit our ability to achieve it:
• The first problem lies in the general availability of the catch-
ment’s characteristic data in a form and at a scale that is
compatible with the model formulation.
• The second is related to our ability to construct models where
the relationships between parameter values and measurable
catchment characteristics are understood and quantifiable.
• The third is related to the first two and associated with the
scale differences between the model algorithms (and there-
fore the parameters) and the available data. For example,
algorithms in models of soil moisture movement may be based
on hydraulic conductivities, but how can this parameter be
quantified at a modelling scale of several square kilometres,
given the well-known fact that soil hydraulic properties and
rainfall intensities are highly spatially variable? Amongst
others, Moore12 attempted to address this problem by making
use of parameters represented by probability distributions
rather than single values, and Hughes and Sami14 incorpo-
rated some of these concepts in a South African model. How-
ever, the problem has not been satisfactorily resolved.
Information requirements of models
The previous paragraphs have referred to some of the
problems associated with satisfying the information (or data)
requirements of models. As technological advances have been
made in data collection, computing power and software
engineering, the amount of information that is potentially
available for use with hydrological models has increased
dramatically. Developments in remote-sensing technology have
made substantial contributions.37 With respect to the informa-
tion requirements of models, it is useful to distinguish between
the meteorological input data (precipitation, potential evapora-
tion demand, and so on) and the catchment land surface and
sub-surface data (such as topography, geology, soils and vegeta-
tion). The critical issues are associated with the accuracy and
spatial representativeness of the available data.
Some studies have investigated the effects of different levels of
spatial detail in precipitation information on the results of
hydrological models,38 while the trend in recent years has been
to improve the input to models by using radar and/or satellite
technology coupled with stochastic space-time models of rain-
fall fields.39 Within a southern African context, a decline in the
resources that are available for data collection and the mainte-
nance of national hydrometeorological gauging networks has
had a major effect on the quality and quantity of data that are
available to support modelling studies. This has occurred at a
time when the flow regimes of many of the rivers in the region
are being affected by upstream developments (reservoir
construction, abstractions and land-use change). Without
adequate records of these changes, it is extremely difficult to
establish hydrological models that can generate results in which
reasonable confidence can be expressed. Paradoxically and infu-
riatingly, as actual measurements of available water resources
decrease, the need for estimation methods increases!
Some models, such as ACRU,6 are based on the principle of
a priori quantification of parameter values and have been partly
designed around the type of information that is available. How-
ever, in some situations models were developed before the new
technologies of data collection were readily available and the
problem lies in matching the ‘newly available’ data to the ‘older’
parameter definitions. A further problem exists with the
compatibility of the information with the requirements for
hydrological modelling. For example, many soil maps that are
available in digital format have been compiled on the basis of a
soil classification system that is orientated toward agricultural
potential, rather than moisture storage and movement charac-
teristics (as required in a hydrological model). These issues have
often played a subsidiary role to the development of sophisti-
cated geographical information system (GIS)-based techniques
for interfacing a model with the data (see next section). The issue
of scale differences between available and required information
has already been referred to and, even with modern data collec-
tion technology, is likely to remain a difficulty for some time to
come.
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Software developments
The increase in power and sophistication of computer hard-
ware during the 1980s and 1990s was accompanied by many
developments in software tools. Arguably, one of the tools that
has had the biggest impact on the development and application
of hydrological models is the geographical information system.40
While noting the criticism referred to in the previous paragraph
(a focus on the tool itself rather than the use of the information it
can generate), it is true to say that GIS has removed many of the
obstacles to model development that were prevalent in the 1970s
and 1980s. There is, however, little doubt that the full potential of
GIS approaches has not been fully realized. This may be partly
because GIS technology has been relatively expensive in the
past, hydrologically useful spatial coverages have not been
generally accessible and because there has been a lag between
the availability of GIS tools and their adoption as an integral
component of hydrological models. To a certain extent the last
was inevitable as quite substantial resources are required to
incorporate totally new approaches to data input and manipula-
tion into an existing model and then test it.
Object-orientated programming languages, improved data-
base design and the ability to develop graphical displays of time
series information have reduced the development time of the
computer code associated with hydrological models signifi-
cantly during recent years. Not only has this meant that less time
is spent on the pre- and post-processing software required for
using a model effectively (and therefore, ideally, more time on
the model itself), but it has meant that models have become
accessible to a wider range of users. South Africa has been
involved in this type of research through the developments
to the ACRU model user interface,6,41 as well as through the
development of integrated modelling systems.42,43 The latter
represent attempts at integrating a wide range of models within
a combined data access environment that includes spatial
awareness. A recent contribution by Moore and Tindall44
suggests that the adoption of international standards in model
design and the use of a common interface could make it possible
to link efficiently many different models, developed by different
organizations. This could represent a major step forward in the
design of models and modelling frameworks, especially given
the demand for more integrated approaches to water resource
assessments (including water quantity, quality, ecological
concerns, as well as economic considerations).
Application of models in practice
The final generic contribution type that is dealt with in this
review concerns the application of models in practice, an issue
that has always assumed critical importance within the South
African context. The best example of a model that has been
extensively applied in the southern Africa region is the Pitman
model,27 also referred to by its commercial name, WRSM2000.
There are many examples that can be cited to demonstrate the
use of the model for practical purposes (e.g. refs 16 and 45).
While Hughes46 summarized the use of this model in southern
Africa and applied it to a sample of catchments across the region,
the single most valuable contribution to the practical application
of the model is represented by the Water Resources of South Africa
publications and data sets (WR90, ref. 47). This study involved
the calibration of the model on naturalized observed flow data,
the regionalization of the model parameters and generation of a
70-year time series of natural monthly streamflow for 1946
so-called quaternary catchments covering the whole of South
Africa, Lesotho and Swaziland. The results have proved to be
one of the most useful products from the point of view of strategic
water resource planning and management and have provided
the default input data for a number of other water resource
management tools (e.g. ref. 8). This study is soon to be updated,
incorporating many of the advances in modelling approaches
that have been referred to above (GIS and database software
technology, new rainfall and catchment data input methods,
possibly new calibration and parameter regionalization
approaches, and the incorporation of links to other disci-
plines involving, for example, ground water, water quality and
ecology).
A recent proposal48 suggested that the extension of the WR90
approach to the whole of the Southern African Development
Community (SADC) region, while costing a great deal, would
have enormous benefits in terms of improving the region’s
water resource assessment capabilities, creating common under-
standing within shared water systems, expanding much-needed
capacity within the region’s water sector and enabling sound
resource-based planning in sectors apart from water. Unfortu-
nately, the costs appear to have influenced potential funders to a
greater extent than the perceived benefits and the project has
not been launched.
Discussion and conclusions
The International Association of Hydrological Sciences
(IAHS)-supported PUB (Prediction in Ungauged Basins) and the
UNESCO IHP (International Hydrology Programme) HELP
(Hydrology for the Environment, Life and Policy) initiatives are
providing a coordinated basis for future research efforts in
hydrological modelling. Specifically, HELP has the vision of
challenging researchers in the field of modelling to:
• identify the structural components of models which are not
working at their best and to specify what enhanced process
understanding and parameterization they require from
experimentalists; and
• re-examine existing experimental designs and methods to
serve the needs of models better.
The main targets of PUB are to:
• examine and improve existing models in terms of their ability
to predict in ungauged basins through appropriate measures
of predictive uncertainty; and
• develop new, innovative models to capture space-time vari-
ability of hydrological processes to make predictions about
ungauged basins with reduced uncertainty.
Hydrological modellers have always sought to reduce the level
of uncertainty in their outputs. However, in many applications
of deterministic models the degree of uncertainty has not been
quantified. One of the most important issues in the PUB initia-
tive is the need to quantify that uncertainty,31 so that decisions
can be made about model improvements or the need for
additional data. While this is a practical-sounding issue, many of
the recent contributions on this topic have focused on the
mathematics of uncertainty analysis, rather than what to do
when the results are uncertain. However, there is little doubt
that new techniques are emerging30,49 that cannot be ignored by
any country that makes practical use of hydrological models.
Southern African modellers are involved in both of these
programmes and have an opportunity to add a highly practical
perspective, based upon their experiences of trying to apply
hydrological models in data-poor regions where there are
limited research resources (in terms of both people and money)
and a lack of technical expertise amongst water managers who
require the outputs from models.
This brief review has attempted to demonstrate that the
southern African community of hydrological scientists has
contributed to most of the research fields associated with hydro-
logical modelling. The emphasis, however, has generally been
on conceptual understanding and practical application, and less
so on the mathematical techniques. The relatively limited
research resources available in the region, coupled with the
urgent need for information to solve water resource problems in
the short term, means that the main emphasis has been on
resolving the practical issues associated with modelling. This has
been the local trend in recent years, while internationally the
emphasis has still been on the more scientific issues associated
with modelling, as evidenced by the establishment of HELP and
PUB.
South African scientists have developed (and continue to do
so) modelling approaches that have proved to be invaluable to
water managers within the region. Internationally, there appear
to be developments in all spheres of the science (for instance,
conceptual, mathematical, software) that have the potential to
improve further our ability to simulate hydrological functioning
and improve estimations of water resource availability. Perhaps
the future challenge for southern African modellers is to find the
best ways of integrating international developments into the
local modelling approaches that have frequently been demon-
strated to ‘work’ and therefore are trusted by those who make
important decisions that impact on the social and economic
well-being of the region. It will, however, be necessary for the
organizations that fund hydrological modelling research in the
region to recognize the potential benefits of this challenge and
for the region’s educational institutions to ensure that there is a
future generation of qualified researchers to respond to the
challenge. The potential threats to the future of modelling
research in the region are that either the funding, or the research
personnel, will not be available.
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